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We report quantum oscillation measurements that enable the direct observation of the Fermi
surface of the low temperature ground state of BaFe2As2. From these measurements we characterize
the low energy excitations, revealing that the Fermi surface is reconstructed in the antiferromagnetic
state, but leaving itinerant electrons in its wake. The present measurements are consistent with a
conventional band folding picture of the antiferromagnetic ground state, placing important limits
on the topology and size of the Fermi surface.
PACS numbers: 74.25.Fy, 74.25.Ha, 74.70.-b, 72.80.Ng
The nature of superconductivity in Fe-pnictide fam-
ily of compounds has thus far eluded a universally ac-
cepted explanation. Part of the problem is understand-
ing the fundamental quasiparticle dynamics of the par-
ent compounds which show evidence for electron itiner-
acy on the one hand[1, 2, 3, 4], and local magnetism
on the other[5, 6, 7, 8]. Recent ARPES measurements
have suggested a novel exchange mechanism driving the
magnetism[5, 9] due to an apparent band splitting at the
transition temperature TSDW (135K in BaFe2As2) while
other ARPES measurements have suggested Fermi sur-
face nesting[4, 10] by mapping the shape of the observed
Fermi pockets to an inferred nesting instability. In addi-
tion, while neutron data has suggested the complete sup-
pression of magnetic order in F-doped CeFeAsO before
the material becomes superconducting[6], muon spec-
troscopy has detected magnetic fluctuations inside the su-
perconducting dome[11] in F-doped SmFeAsO. ARPES
has also observed the persistence of nesting instabilities
in the superconducting state of K-doped BaFe2As2[10].
These observations have left open such questions as to
what the role of disorder and magnetism is in shaping
the superconducting mechanism, whether the supercon-
ducitvity emerges from the normal state Fermi surface
or the reconstructed state, or even what the microscopic
nature of the magnetism is in the parent compounds[12].
Resolving these issues requires that the low energy quasi-
particle excitations are revealed. This is especially true
because knowledge of the itinerant nature of the low tem-
perature ground state places significant constraints on
the magnetism associated with the order. In the present
paper we report quantum oscillation (QO) measurements
consistent with a nesting mechanism that folds bands of
the non-magnetic state in a conventional manner. As
predicted by recent theoretical investigations, we find
that the SDW instability does not fully gap the Fermi
surface[13].
In the measurements reported here on BaFe2As2 we
use two separate techniques, torque magnetometry and
a radio frequency contactless conductivity technique us-
ing a tunnel diode oscillator (TDO), both of which have
been used recently to observe oscillations in the closely
related compounds LaFePO[1] and SrFe2As2.[2] We ob-
serve three small pockets comprising 1.7%, 0.7% and
0.3%, of the paramagnetic Brillouin zone (that associ-
ated with the tetragonal state) and produce band struc-
ture calculations of a reconstructed state which are in
broad agreement. Furthermore we map the topology of
these small pockets and extract their effective mass. The
present measurements illustrate that itinerant electrons
play a fundamental role in the ordered state of ternary
Fe-pnictides, and place important limits on the topology
and size of the Fermi surface in the antiferromagnetic
state.
Single crystal samples of BaFe2As2 were prepared by
slow cooling a ternary melt, as described elsewhere.[14,
15]. The crystals were then annealed at high temperature
∼ 900 ◦C in vacuum for 24hrs to allow interstitial and va-
cancy disorder to relax. Sample surfaces often appeared
degraded after the annealing process, but residual resis-
tivity ratios increased from 4 to 10. For these crystals
the absolute values of the in-plane resistivity are around
∼ 0.7mΩcm at 300K. Magnetic QO measurements were
performed at the National High Magnetic Field Labora-
tory (Los Alamos) in the short pulse (∼10ms rise time)
65T and long pulse (∼1s rise time) 60T magnets. For the
torque magnetometry experiments, piezoresistive micro-
cantilevers were used at temperatures down to 0.4 K. The
measured torque signal is dependent on the anisotropic
magnetization of the sample τ ∝ µ0M×H, and can thus
detect magnetic field dependent oscillations in the mag-
netisation, known as the Haas-van Alphen effect. Sample
A, used on the torque cantilever was 0.2×0.2×0.08 mm3.
Another sample (sample B) of dimensions 2×2×0.3mm3
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FIG. 1: (Color online) a) Thermal evolution of the Fourier
spectrum of the torque data measured with the applied mag-
netic field oriented 27◦ from the c-axis. The correspond-
ing temperatures from highest to lowest intensity are 0.5,
2, 3.1, 4.0, 6.0, 8.0 and 9.0 K. The inset shows typical low-
temperature (0.5 K and 1.5 K) torque data (with background
subtracted). b) The temperature dependence of the Fourier
amplitude (A) for the α pocket (open squares), the β pocket
(open triangles), the γ pocket (open circles) all measured by
the TDO technique and the γ pocket as measured by torque
magnetometry (solid circles). The solid lines are fits to the LK
formula yielding the following effective masses (at θ = 23◦);
m⋆α(TDO) = 1.2 ± 0.3 me, m
⋆
β(TDO) = 0.6 ± 0.3 me,
m⋆γ(TDO) = 0.7± 0.2 me and m
⋆
γ(Torque) = 0.9± 0.1 me.
was mounted with its tetragonal c axis parallel to the axis
of a compensated coil that forms part of the tunnel diode
oscillator circuit. The oscillator resonates at frequency ∼
37 MHz in the absence of an applied field, dropping by
∼ 300 kHz at 65T in response to the magnetoconductiv-
ity of the sample. As the skin depth changes due to the
Shubnikov-de Haas effect, the coil resonance frequency is
correspondingly altered.
Background subtracted data taken from sample A is
shown in the inset of Figure 1 (a) (a smooth polynomial
of order 3). The Fourier content of the data is shown
in Figure 1 (a), illustrating the predominance of a single
frequency Fγ = 80 (herein the γ pocket, which appears at
95T in Figure 1 because the angle between the field and
the tetragonal c-axis θ = 27◦). In sample B two higher
frequencies Fα=440, Fβ=190 T appear at θ = 0
◦ which
we shall call the α and β pockets respectively. The α, β
and γ orbits comprise about 1.7%, 0.7% and 0.3% of the
paramagnetic Brillouin zone.
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FIG. 2: (Color online) a) The residual frequency shift of the
TDO circuit (once a 3rd order background has been sub-
tracted) showing QOs periodic in inverse magnetic field. The
upper curve is for the magnetic field oriented parallel to the c-
axis θ = 0◦ and the lower curve for field perpendicular to the
c-axis. b) The Fourier spectrum of the TDO data at θ = 0◦.
c) The field orientation dependence of the QO frequencies.
The hollow points are extracted form the TDO data the solid
points are extracted from the torque data. The solid lines
are fits to Fermi surface volumes with an elliptical cross sec-
tion oriented parallel to the c-axis. The α, β and γ frequen-
cies correspond to a Fermi surface cross-section comprising
1.7±0.05%, 0.7±0.05% and 0.30±0.02% of the paramagnetic
Brillouin zone. The ellipticity for α is 1.1± .1, β is 5± 1 and
γ is 5.6± .1.
We extract the effective mass by fitting the temper-
ature dependence of the oscillation amplitude with the
thermal damping term RT = X/sinh(X) of the Lifshitz-
Kosevich(LK) formalism, where X=14.69m∗T/B andm∗
is the effective mass. Presently 1/B is the average in-
verse field of the Fourier window, taken between 20 and
60 T[16]. The suppression of the α, β and γ frequency
amplitudes is shown in Figure 1 (b). Data for the γ
pocket are shown for both techniques. The effective mass
is m∗γ = 0.9± 0.1me in sample A and m∗γ = 0.7± 0.2me
in sample B which are in broad agreement. The α pocket
has a mass of m∗α = 1.2±0.3me, the β pocket has a mass
of m∗β = 0.6 ± 0.3me. The errors given in Figure 2 (c)
are determined by the noise floor of the Fourier spectra.
Furthermore we estimate the Dingle temperature for the
pockets to be TαD =4K±1 and T γD =3K±1 though we
are unable to extract this for the β pocket. The Dingle
temperature was not accounted for in our effective mass
3fitting[17].
We next turn to the angle dependence of the observed
pockets. Sample B was mounted on a probe that could
be continuously rotated allowing us to collect a com-
prehensive data set on all frequencies. Sample A was
discretely rotated and the QOs were only observable
between(27◦ < θ < 70◦), due to the loss in torque sig-
nal as the orientation of the field approaches a crystal
symmetry direction. Even in sample B the intensity of
γ QOs is lost at angles θ > 80◦ and β for θ > 50◦.
The γ and β pockets are highly eccentric, resembling
elongated cigar shapes. By contrast, the α pocket has
a very small angular dependence, suggesting that the
pocket is much more isotropic and three-dimensional.
This frequency is likely not observable in the torque tech-
nique due to the smaller signal/noise or perhaps due
to this absence of anisotropy. Finally, we find the or-
bitally averaged Fermi velocity for each pocket using the
relation vF =
√
2eh¯F/m∗ yielding vγ =0.8×105ms−1,
vβ =1.3×105ms−1 and vα =1.9×105ms−1.
The γ and β frequencies observed here do not corre-
spond to any of the Fermi surface pockets calculated for
the non-magnetic state of BaFe2As2[18]. The α pocket
is comparable in size to a calculated pocket centred at Γ,
but the angle dependence reveals that the pocket is much
more isotropic than that predicted in a non-magnetic
calculation. In agreement with the results in SrFe2As2
we conclude that a dramatic Fermi surface reconstruc-
tion has occurred in this compound. The Fermi surface
pockets we observe are consistently larger than those in
SrFe2As2, but the effective masses are smaller, keeping
the orbitally average velocities about the same [2]. In
order to gain further insight into our data we perform
band structure calculations including magnetic ordering
which reconstruct the Fermi surface.[19] Our LDA/GGA
calculations produce magnetic moments (1.67 and 1.97
µB, respectively) that are higher than the experimen-
tally measured moment of about 0.9 µB [20] Because the
Fermi surfaces have a dependence on the magnitude of
the moment, we suppressed it to the experimental value
using the well-known LDA+U methodology [21] but with
a negative value for U. Whereas LDA+U with U>0 gen-
erally increases the magnetic tendencies of a system, the
negative U has the opposite effect and with a value of
U=-0.54, we achieve a calculated magnetic moment of 1.0
µB. The band structure with and without this technique
is shown in Fig. 3. To check the validity of our method-
ology, we also increased the magnitude of the negative U
until the magnetic moment was suppressed entirely and
then compared the band structure and Fermi surfaces
to their non-spin-polarized counterparts. The agreement
between Fermi surfaces was very good, though shifts of
more than 100 meV could be found elsewhere in the en-
ergy spectrum. Nonetheless, this partially suppressed
moment calculation provides the best possible compar-
ison to experiment. The results are summarized in Table
µ=1.6 µ = 1 (Unshifted) (Shifted)
Orbit %BZ mb/me %BZ mb/me %BZ mb/me
1 0.01 - 0.06 0.1 0.3 0.47
2 0.15 0.2 0.29 0.27 0.7 0.55
3 3.1 1.6 3.34 1.16 1.63 0.7
4 6.7 2.5 4.6 1.95 - -
γs 2.24 2.83 (mJ/molK
2)
TABLE I: Table of pocket size and effective mass expected to
appear in magnetic QOs data, using a spin-polarized DFT cal-
culation (described in text) for magnetic moment µ = 1.6µB
and µ = 1.0µB . The Sommerfeld coefficient γs expected for
each calculation is also given. Bands from the µ = 1.0 cal-
culation have been shifted by different amounts to match the
observed pockets, and the effective mass is recalculated.
I.
Four separate extremal orbits occur based on the cal-
culated Fermi surfaces. These are labelled in Fig. 3 as
1 (hole), 2 (electron), 3 (hole), and 4 (electron). For
the suppressed moment calculation, pocket 2 has an area
consistent with the measured Fγ . The other calculated
frequencies are either higher, 3 and 4, or much lower, 1,
than any observed frequencies. However, it is common
that calculations require an energy shift to achieve good
agreement with experiment. The slightly oblate topology
of 4 is inconsistent with the observed angle dependence
of any of the pockets, so we believe it unlikely that this
is associated with the present QOs. To find an orbit area
similar to the α pocket we find that a upward shift in EF
of 60 meV would shrink pocket 3 to a similar size with an
effective mass of 0.7me, exhibiting a similar angle depen-
dence to that observed. Both 1 and 2 have a topology
consistent with the angle dependence of γ and β and the
sharp pinching of the pockets at their extremities may
explain the rapid loss of signal at large angles, due to the
phase smearing associated with a higher Fermi surface
curvature. Similarly if 2 is shifted upward by 33meV it
comes into agreement with the β orbit, with an effective
mass of 0.55me. Finally 1 is shifted by 38meV down-
ward it comes into agreement with the γ orbit, with an
effective mass of 0.47me. We thus settle on identifying γ
with 1, β with 2 and α with 3 which is the same identi-
fication scheme than the one used for SrFe2As2[2]. With
our assignment, the effective mass of α is renormalised
by a factor of 1.7, β by 1.1 and γ is renormalised by 2
compared to DFT. All of the shifts are well within the
∼ 100 meV error incurred in suppressing the magnetic
moment to zero, though the margin of error is expected
to be somewhat less for the smaller shift to µ=1.0µb.
The Sommerfeld coefficient has been extracted from
heat capacity measured on these samples[14] and found
to be γS = 6.1mJ/molK
2, consistent with Reference
22. The Sommerfeld coefficient calculated for the re-
constructed Fermi surface is 2.83 mJ/mol K2, as shown
in Table I. This corresponds to a moderate renormal-
ization of λ = 1.1. This is consistent with the effec-
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FIG. 3: (Top) Bandstructure for the reconstructed state of
BaFe2As2 calculated for a magnetic moment of µ = 1.6
(black) and µ = 1.0 (green). Most of the pockets shown in
Figure 3 are made up of multiple bands. The Fermi surfaces
of BaFe2As2 in the magnetic phase. (Bottom) High symme-
try directions corresponding to the band structure of Fig. 3
are shown in black. The primitive Brillouin zone is shown
in light (orange) non-orthogonal lines. Extremal orbits 1, 2,
3,and 4 for (001) magnetic field are indicated.
tive mass renormalization necessary to reconcile our QOs
with DFT, which implies that the present calculations
account for the observed Fermi surface.
Taking the pockets we observe alone, we estimate a
contribution of 1.73 mJ/molK2. It is possible that the
large Fermi cylinders observed by a number of ARPES
measurements, centered at the Γ point of the Brillouin
zone[4, 5, 9, 10, 23] may account for the remainder.
However, given that each 2D cylinder contributes ∼1.5
mJ/molK2 per me, regardless of radius, the maximum
effective mass available to each cylinder is ∼1.4me, in
contradiction to the ARPES results of Reference [23].
Furthermore, in order to reconcile the the existence of
the large pockets with the antiferromagentic ground state
of BaFe2As2, an exotic nesting mechanism needs to be
invoked[10]. In contrast, the present measurements are
consistent with a conventional SDW nesting picture.
In summary, we have measured QOs in BaFe2As2
and found small pockets which are in broad agreement
with band structure calculations for an antiferromagnetic
state. Our observations are consistent with a conven-
tional spin -density wave picture which folds the bands
of the non-magnetic state.
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